The autocorrelation function of vibrational frequency fluctuations of the CO ligand in carbonmonoxy myoglobin, C δδ (t), is computed from molecular dynamics simulations. Electrostatic interactions are assumed to dominate the modulation of the CO vibrational frequency. The simulated C δδ (t) is consistent with linear and nonlinear infrared spectroscopic measurements. The short-time decay of C δδ is dominated by dynamics of the distal histidine, and of a water molecule that can occupy the heme pocket. Correlated protein and solvent dynamics induce spectral diffusion of the CO frequency on longer time scales.
Introduction
Protein dynamics on a wide range of time scales promote biological function. Motions on the shortest time scales of femtoseconds to nanoseconds are of intrinsic importance and can also act as the fluctuations that drive processes on longer time scales. A novel class of nonlinear vibrational spectroscopic techniques, [1] [2] [3] [4] which are analogs of multidimensional magnetic resonance spectroscopy, can provide a direct measure of such protein structural fluctuations. These measurements include the two-pulse and three-pulse infrared vibrational echoes, which have been applied to ligands bound to heme proteins by Fayer and co-workers [5] [6] [7] [8] [9] [10] and by Hochstrasser and co-workers. [11] [12] [13] [14] The two-pulse vibrational echo, like its optical and magnetic resonance predecessors, has the capability to extract a homogeneous dephasing time, T 2 , for a vibrational transition that is inhomogeneously broadened. Two-pulse echoes can also probe spectral diffusion processes on longer time scales, 9, 10 which are directly interrogated by the three-pulse echo. [11] [12] [13] [14] [15] Vibrational echo measurements have been usefully described in terms of phenomenological stochastic models, 9,10 but a molecular interpretation requires an atomistic calculation of the nonlinear vibrational response [16] [17] [18] determined in these experiments.
Myoglobin is a standard for the study, in the laboratory [19] [20] [21] and on the computer, [22] [23] [24] [25] [26] of relationships among protein structure, function, and dynamics. Fayer and co-workers [5] [6] [7] [8] [9] [10] have performed vibrational echo studies on the dephasing of the CO vibration in carbonmonoxy myoglobin, MbCO, and have established the dependence of this dephasing rate on temperature, solvent viscosity, and mutations. The dependence of T 2 on solvent viscosity 9, 10 demonstrates the influence of solvent dynamics on protein motions and shows that the vibrational dynamics of the CO ligand are influenced by motions of the entire protein.
In this work, we use molecular dynamics simulations to compute the ligand dephasing dynamics of MbCO in water at 300 K within a consistently classical mechanical approach. We employ a strategy that we denote the fluctuating frequency approximation, 17 in which an oscillator with cubic anharmonicity is represented as a harmonic oscillator with a time-dependent fluctuating frequency. This is a well-established approximation for the calculation of the linear response 27-29 of a classical or quantum mechanical oscillator and has been recently generalized to treat the classical mechanical nonlinear response. 17 Within this approximation, the fluctuation in the oscillator frequency is expressed as δω(t) ≡ f δF(t)/(2m 2 ω 3 ), with f the cubic anharmonicity, δF(t) the fluctuation in the component of the classical force on the oscillator coordinate, m, the reduced mass, and ω the harmonic frequency. Within the further approximation that δω(t) is a Gaussian stochastic variable, both linear and nonlinear response functions 17, 30 may be expressed in terms of the autocorrelation function of the vibrational frequency fluctuation, C δδ (t) ≡ 〈δω(t)δω(0)〉, with the angle brackets representing a classical ensemble average.
We assume that the dominant contribution to δω(t) in MbCO is from electrostatic interactions between the ligand and its surroundings. 19, 24, 31 These are represented by the interaction of the electric dipole of the CO, assumed to be linear in bond coordinate, with E(t), the total electric field at the midpoint of the CO bond from the surrounding protein and solvent. δω takes the form
The unit vector along the CO dipole is denoted u(t), with time dependence arising from orientational dynamics, and the coordinate derivative of the dipole moment at the potential minimum is (dµ/dq) 0 . Direct calculation of δω(t) from a simulation would require a bond potential for CO in MbCO with accurate values of bond anharmonicity f and dipole derivative (dµ/dq) 0 . Instead, we exploit the fact that A in eq 2 may be measured with vibrational Stark spectroscopy. To firstorder quantum mechanical perturbation theory in both bond anharmonicity and field-matter interaction, A ) ∆µ/p, with ∆µ the magnitude of the electric dipole difference between first excited and ground vibrational states. 32 While ∆µ is a quantum
mechanical quantity, A is independent of p and hence is an appropriate input to our classical calculation. Park et al. 33 have performed vibrational Stark effect measurements on CO as a ligand in a series of Mb mutants and other heme species and have measured ∆µ of approximately 0.14 D, oriented along the permanent dipole moment of CO. The small variation in this result across a range of Mb mutants and other heme species motivates the conjecture 33 that the local field correction of vibrational Stark spectroscopy is not large, and we will neglect this correction here. We determine C δδ (t) from eq 1 by calculating the time-dependent electric field at the CO ligand from molecular dynamics simulations and by employing the value of A determined experimentally. 33
Results and Conclusions
A solvated molecule of sperm whale carbonmonoxy myoglobin was simulated using the program MOIL. 34 The fully equilibrated structure was obtained from a previous study of CO photodissociation in MbCO by Meller and Elber. 24 The 40 Å × 54 Å × 56 Å simulation box treated with periodic boundary conditions contains one myoglobin molecule, one CO bound 35 to the heme iron, 2627 H 2 O, one SO 4 2-present in the crystal structure, and two Na + to balance the system charge. From the initial equilibrated structure, 24 a 300 ps equilibration was performed in which a water molecule initially in the heme pocket leaves the pocket after 180 ps. The departure of the water molecule from the heme pocket is defined to occur when the distance between the oxygen atom of the water molecule and the midpoint of the CO bond exceeds 10 Å. Two additional equilibration runs were launched from configurations with the water in the pocket and a configuration with the water absent. Each secondary equilibration lasted 200 ps for a total of 700 ps of equilibration. Equilibrium structures used in subsequent production runs were separated by at least 5 ps and designated IN and OUT based on the location of the heme pocket water. Coordinates were saved every 20 fs and a time step of 1.0 fs was used for all simulations. The production runs totalled 3.35 ns from 30 different initial IN configurations and 3.30 ns from 36 different initial OUT configurations. Only twice in the entire simulation time including equilibration did the water initially inside the pocket depart and only once did the water molecule return to the pocket from outside the 10 Å radius. The statistical weights of IN and OUT configurations cannot be determined from less than 7 ns of simulation. These two cases will be treated separately. As discussed below, the presence of a water molecule in the heme pocket has a substantial effect on the short time decay of C δδ (t), providing a rationale to treat the IN and OUT cases as spectroscopically distinct structures.
Because vibrational echo experiments [5] [6] [7] [8] [9] [10] probe only the A 1 state of the CO vibrational band, trajectories in which the distal histidine assumes a conformation associated with the A 0 state 25 were discontinued once this event occurred. Configurations were deemed to correspond to the A 0 band if the distance of the H atom bonded to N δ on the distal histidine exceeded a distance of 6.5 Å from the midpoint of the CO bond. 25 This event occurred infrequently as the protonated nitrogen tends to align itself toward the CO. This procedure resulted in 2.95 ns of OUT and 2.84 ns of IN trajectories that were used to calculate C δδ (t).
For each structure saved during the trajectories, an electric field vector is calculated at the midpoint of the CO bond from Coulomb's law and atomic partial charges. 34 The orientation of the CO dipole u(t) is also computed for a given structure and combined with the electric field in eq 1 to yield the CO frequency fluctuation as a function of time. C δδ is then computed for both IN and OUT cases as shown in Figure 1 . The IN case is shown by the solid line, and the OUT case is shown by dots. C δδ for the IN and OUT cases differ appreciably for t < 100 fs. For t > 7 ps, the correlation functions are similar, with a long time decay that does not reach zero on the time scale shown. Both functions were fit to a biexponential decay of the form 12 with the parameters given in the first two rows of Table 1 . Frequency fluctuations in CO are characterized by a fast process of amplitude ∆ 1 and time scale τ 1 that obeys the motional narrowing criterion ∆ 1 τ 1 < 1, a process of intermediate time scale of amplitude ∆ 2 and time scale τ 2 that is in the regime of spectral diffusion ∆ 2 τ 2 > 1, and a slow process of magnitude ∆ 0 that is static on the simulated time scales. As shown in Table 1 , τ 2 , ∆ 2 , and ∆ 0 are similar for the IN and OUT cases. The magnitude of short time scale fluctuations, ∆ 1 , is larger and the associated decay time, τ 1 , is shorter when the water molecule is inside the heme pocket.
The simulated C δδ (t) for the IN and OUT cases of MbCO are compared in Table 1 to C δδ (t) for carbonmonoxy hemoglobin (HbCO) in water at 300 K, deduced from three-pulse vibrational echo experiments by Lim et al. 12 The frequency fluctuations computed for MbCO are larger than those reported for HbCO, and both τ 1 and τ 2 are shorter for MbCO than for HbCO. This comparison is consistent with the broader vibrational absorption line shape 8, 10 in MbCO (∼17 cm -1 ) relative to that 12 in HbCO (∼8 cm -1 ), and with vibrational echo measurements 8 that 
〈δω(t) δω(0)〉
Lettersdetermined dephasing rates in HbCO to be smaller than in MbCO over a wide range of temperature. Absorption line widths 27-29 were calculated for MbCO using C δδ in Figure 1 and the experimental value 5-10 of T 1 ≈ 20 ps to yield 22.9 cm -1 for the IN case and 19.7 cm -1 for the OUT case. These line widths show reasonable agreement with the experimental value of ∼17 cm -1 . Since ∆ 1 τ 1 < 1 for both IN and OUT cases, a homogeneous dephasing rate, 1/T 2 ) ∆ 1 2 τ 1 , can be calculated to yield 1/T 2 ) 0.47 ps -1 for the IN case and 1/T 2 ) 0.60 ps -1 for the OUT case. Both results are consistent with the experimental value of 1/T 2 ) 0.67 ps -1 as measured by twopulse vibrational echo experiments. 9, 10 To determine the molecular origin of each dephasing process in Table 1 , we partition the total electric field vector at the midpoint of the CO bond into contributions from partial charges on different parts of the protein and solvent. Substitution of this partitioned electric field into eq 1 yields a partitioning of the fluctuating frequency of CO into contributions from different sources. Autocorrelations and cross-correlations of these contributions to δω(t) are then determined. We begin by dividing the total electric field at CO into a contribution from the protein that produces a frequency fluctuation δω p (t), and a contribution from all water molecules that produces a frequency fluctuation δω h (t). The resulting correlation functions are shown in Figure  2 for both IN (panel A) and OUT (panel B) cases. 〈δω p (t) δω p (0)〉 is shown by solid lines, and 〈δω h (t) δω h (0)〉 is given by diamonds. δω p includes contributions from the heme ring and Fe. While the heme ring and Fe cause a sizable static electric field at CO, they make a negligible contribution to the field fluctuations that cause dephasing. The cross-correlation functions 〈δω p (t) δω h (0)〉 and 〈δω h (t) δω p (0)〉 are shown by dotted lines and are sufficiently similar that we do not distinguish between them. 〈δω p (t) δω p (0)〉 is similar in the IN and OUT cases, especially on the short time scales depicted in the insets. The protein is responsible for the initial decay in the OUT case, while the water produces an additional rapid decay in the IN case. Both panels show that water and protein contribute to the intermediate time scale spectral diffusion and the long time scale inhomogeneous broadening. After 10 ps, 〈δω h (t) δω h (0)〉 in the OUT case decays on a time scale similar to that of 〈δω p (t) δω p (0)〉, suggesting that the dynamics of the water is influenced by interactions with the protein. The slow decay from negative values of 〈δω p (t) δω h (0)〉 demonstrates the influence on the CO of correlated protein and water dynamics. Figure 3 shows the results of a similar partitioning of the total electric field at CO for the IN case into the contribution from the single water molecule in the heme pocket and from the rest of the system, composed of the remaining water molecules and the protein. The solid line is the total correlation function repeated from Figure 1 , the diamonds are computed from the electric field due to the single water in the heme pocket, and the dotted line shows C δδ from the rest of the system. Crosscorrelations between the contributions to δω from the heme pocket water and the rest of the system are negligible on all time scales and are not shown. From the inset it is evident that the single water molecule in the heme pocket produces the most rapid portion of the total IN correlation function. This is also evident from Figure 1 , which shows that the initial decay in the IN case disappears when the water has moved out of the pocket. The total correlation function at longer time scales shows a small contribution from the heme pocket water, suggesting different water configurations in the heme pocket lead to a portion of the inhomogeneous line width. When a water molecule occupies the heme pocket, it exerts rapid electric field fluctuations on the ligand frequency, causing increased motional narrowing. In addition, different orientations and positions of the water in the heme pocket contribute to long time inhomogeneity.
In Figure 4 , the electric field at CO from just the protein, excluding the contribution from all water molecules, was further partitioned into that arising from the distal histidine and that from the rest of the protein. Panel A (IN) and panel B (OUT) display C δδ from the entire protein (also shown in Figure 2 ) with solid lines, C δδ from just the distal histidine with diamonds, and C δδ from the rest of the protein, excluding the distal histidine, with dotted lines. The cross-correlations between the histidine contribution and that from the rest of the protein are negligible and are not shown. Both panels show that the electric field at CO from the distal histidine accounts for almost all of the short time behavior of the total protein contribution to C δδ . There is also a longer time scale decay of the histidine contribution in both cases that is on the order of τ 2 in Table 1 . Figure 4 shows that the distal histidine contributes to dephasing in both the motional narrowing and spectral diffusion regimes. This finding is qualitatively consistent with vibrational echo measurements of Rector et al. 5 on the Mb mutant H64V, which showed that replacing the distal histidine with a valine decreased the dephasing rate. The major difference between the two panels in Figure 4 concerns the contribution of the protein to inhomogeneous line broadening. In panel B for the OUT case, the static portion of the total protein contribution to C δδ is almost completely due to contributions from the protein excluding the histidine, while panel A shows that both the histidine and the rest of the protein contribute to this slow process for the IN case. With a water in the heme pocket, the distal histidine and the water assume long-lived configurations that contribute to the inhomogeneous line width.
We have shown that molecular dynamics simulations of MbCO yield a prediction for C δδ (t) that agrees well with linear and nonlinear infrared measurements on all relevant time scales. A water molecule occupying the heme pocket with the bound ligand is found to significantly alter the fastest dynamics of C δδ (t). Dynamics of the distal histidine also affect the short time frequency fluctuations of CO, whether or not a water is present in the heme pocket. Protein and solvent contributions to frequency fluctuations of CO show significant correlations. These correlated protein-solvent motions produce intermediate time scale spectral diffusion of ligand frequencies. Echo measurements are in progress on MbCO in water on the 100 fs time scale that will permit direct comparison with the results presented here. Simulations of the full time dependence of the vibrational echo signal 17 will be presented in a future work. 
